Auxin-induced callus formation represents an important cell reprogramming process during in vitro regeneration of plants, in which the pericycle or pericycle-like cells within plant organs are reprogrammed into the pluripotent cell mass termed callus that is generally required for subsequent regeneration of root or shoot. However, the molecular events behind cell reprogramming during auxin-induced callus formation are largely elusive. We previously identified that auxin-induced LATERAL ORGAN BOUNDARIES DOMAIN (LBD) transcription factors act as the master regulators to trigger auxin-induced callus formation. Here, by ChIP-seq (chromatin immunoprecipitation-based sequencing) and RNA sequencing approaches, we identified the potential LBD29 target genes at the genome-wide level and outlined the molecular events of LBD-triggered cell reprogramming during callus formation. We showed that LBD29 preferentially bound to the G-box (CACGTG) and T GGGC[C/T] motifs and potentially targeted >350 genes, among which the genes related to methylation, reactive oxygen species (ROS) metabolism, cell wall hydrolysis and lipid metabolism were rapidly activated, while most of the light-responsive genes were suppressed by LBD29. Further examination of a few representative genes validated that they were targeted by LBD29 and participated in the regulation of cell reprogramming during callus formation. Our data not only outline a framework of the early molecular events behind auxin-induced cell reprogramming of callus formation, but also provide a valuable resource for identification of genes that regulate cell fate switch during in vitro regeneration of plants.
Introduction
Plant cells are widely believed to have a remarkable capability to regenerate new organs or even entirely new individuals (Reinert and Backs 1968, Thorpe 2006) , which confers plants with a striking ability to respond to environmental stimuli and propagate both in vivo and in vitro conditions. In a typical in vitro regeneration system, the detached organs or tissues can regenerate the new individuals under appropriate culture conditions, and such regenerations are mainly directed by two phytohormones, auxin and cytokinin (Skoog and Miller 1957, Birnbaum and Sanchez Alvarado 2008) . Based on this concept, varied plant regeneration systems have been developed in a variety of plant species, and plant in vitro regeneration has been widely applied for crop breeding and plant biotechnologies (Vasil 2008) . On the other hand, sessile plants are constantly exposed to various physical assaults such as wounding and pathogen attack, and the remarkable regeneration capability of plant cells also enables plants to replace the damaged organ or accomplish de novo organogenesis after loss of their organs (Reinhardt et al. 2003 , Xu et al. 2006 . Recently, increasing evidence showed that during either in vitro or in vivo regeneration, the initiation of plant regeneration largely involves the reprogramming of some somatic cells, i.e. some already differentiated cells or cells with relatively low differentiated states are switched to pluripotent or totipotent cells, and such reprogramming of cell fate is generally required for subsequent regeneration of a new organ or whole plant body (Birnbaum and Sanchez Alvarado 2008 , Sugimoto et al. 2010 , Iwase et al. 2011 .
Recent studies with the model plant Arabidopsis thaliana have begun to uncover the molecular regulation of somatic cell reprogramming under both in vivo and in vitro conditions. Although the induction of callus under in vitro condition has long been considered to be a process whereby already differentiated cells acquire pluripotency (Christianson and Warnick 1983 , Cary et al. 2002 , Che et al. 2007 , recent works showed that callus formation in a typical in vitro regeneration process actually occurs from the pericycle and pericycle-like cells via the root developmental pathway (Atta et al. 2009 , Sugimoto et al. 2010 . Indeed, the mutation of Aberrant Lateral Root Formation 4 (ALF4), which blocks the initial division of pericycle cells, completely abolishes the callus-forming capability of multiple organs on callus-inducing medium (CIM) (Sugimoto et al. 2010) , and specific ablation of pericycle cell function with diphtheria toxin chain A (DTA) abrogates both lateral root formation and CIMinduced callus formation (Laplaze et al. 2005 , Che et al. 2007 ). Consistent with this, the four auxin-inducible LATERAL ORGAN BOUNDARIES DOMAIN (LBD) transcription factors (TFs), i.e. LBD16, LBD17, LBD18 and LBD29, have been identified as the master regulators of pericycle or pericycle-like cell reprogramming during auxin-directed callus formation . On the other hand, the wounding-induced somatic cell reprogramming is found to be directed by the APETALA2/ ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR (AP2/ ERF) TFs, WOUND INDUCED DEDIFFERENTIATION 1-4 (WIND1-4), and WIND-directed cell reprogramming is required for recovery of damaged organs and de novo organogenesis at wounding sites (Iwase et al. 2011) . Interestingly, the woundingtriggered callus formation does not follow the root developmental program but depends on activation of ARABIDOPSIS RESPONSE REGULATOR (ARR)-dependent cytokinin signaling, implicating that wound-induced cell reprogramming may represent a cell dedifferentiation pathway (Iwase et al. 2011) . However, the molecular events behind these two types of cell reprogramming are largely elusive.
LBDs belong to a family of plant-specific TFs that harbor a conserved lateral organ boundaries domain with a CX 2 CX 6 CX 3 C motif and a leucine zipper-like sequence (Iwakawa et al. 2002 , Shuai et al. 2002 . LBDs have been reported to play important roles in plant growth and development. For examples, the Arabidopsis LBD6 is involved in the establishment of leaf adaxial-abaxial polarity and flower development (Xu et al. 2003 , Guo et al. 2008 ), while LBD30 is required for co-ordination of cell division during embryogenesis (Borghi et al. 2007 , Bureau et al. 2010 ). LBD18 and LBD30 positively regulate xylem differentiation in leaf and root (Soyano et al. 2008) , and poplar LBD1 was shown to be involved in the regulation of secondary growth (Yordanov et al. 2010) . Moreover, some LBDs play a critical role in auxin-induced lateral root development and callus formation. LBD16, LBD18 and LBD29 act downstream of AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 to regulate lateral root formation synergistically (Okushima et al. 2007 , Lee et al. 2009 ), and auxin-induced ectopic activation of LBD genes, including LBD16, LBD17, LBD18 and LBD29, is required for triggering cell reprogramming during callus formation . Although a few of the LBD target genes, such as E2Fa, EXPANSIN14 (EXP14) and LIKE AUX1 3 (LAX3), were identified to be involved in Arabidopsis lateral root formation (Okushima et al. 2007 , Lee et al. 2013 , Porco et al. 2016 , the downstream molecular events of LBD-triggered cell reprogramming during callus formation remain largely unclear.
Here, we used chromatin immunoprecipitation-based sequencing (ChIP-seq) and RNA sequencing (RNA-seq), and globally identified the target genes of Arabidopsis LBD29. Our data revealed that LBD29 could dominantly bind to two target motifs, a G-box (CACGTG) and TGGGC[C/T], and thus activated or suppressed the transcription of genes related to transcription regulation, methylation, reactive oxygen species (ROS) metabolic processes, cell wall modification, lipid metabolism and light responses. Our findings thus outline a framework of early molecular events behind auxin-induced cell reprogramming during callus induction, and provide the valuable gene resources for further elucidating the molecular mechanisms underlying plant regeneration.
Results

Generation of transgenic LBD29 plants for ChIP-seq analysis
To explore the downstream molecular events behind the cell reprogramming of callus formation triggered by LBD TFs, we attempted to perform ChIP-seq experiments using transgenic Arabidopsis plants overexpressing green fluorescent protein (GFP)-or MYC-tagged LBD proteins. We initially generated the transgenic plants overexpressing each of three LBDs fused with GFP or MYC tag under control of the Cauliflower mosaic virus 35S promoter (Pro35S::LBD-MYC or Pro35S::LBD-GFP) (Supplementary Table S1 ). However, all the transgenic plants harboring a construct of the LBD gene fused with a MYC or GFP sequence at either the C-terminus or N-terminus in different vectors did not exhibit the autonomous callus-forming phenotype due to the undetectable LBD fusion protein (Supplementary Table S1 ), implicating that the direct fusion of GFP or MYC tag with LBD in plants may cause the fusion proteins to be not expressed or unstable. Since it was reported that insertion of a glycine linker into the fusion protein could improve its stability (Robinson and Sauer 1998 , Sabourin et al. 2007 , Funakoshi and Hochstrasser 2009 , we next inserted a linker of six glycines between LBD29 and C-terminal GFP or MYC, and generated the Super::LBD29-6G-MYC and Super::LBD29-6G-GFP constructs with pSuper vector (Fig. 1A) , in which the Super promoter activated transgene expression more efficiently than did the Cauliflower mosaic virus 35S promoter (Chinnusamy et al. 2003) . As expected, the transgenic seedlings harboring Super::LBD29-6G-MYC or Super::LBD29-6G-GFP displayed the autonomous callus-forming phenotype, as did the transgenic plants overexpressing LBD29 (Fig. 1B) . Further cytological examination showed that the LBD29-6G-GFP fusion protein was indeed localized in the nucleus of hypocotyl and root cells ( Supplementary Fig. S1 ), and immune blotting analyses with the individual Super::LBD29-6G-MYC transgenic lines demonstrated that the varied degrees of autonomous callus-forming phenotype were correlated to the protein levels of LBD29 transgenes (Fig. 1C) , indicating that LBD29-6G-MYC and LBD29-6G-GFP fusion proteins are functional. Therefore, we used transgenic Super::LBD29-6G-MYC lines with abundant LBD29-6G-MYC accumulation for our ChIP-seq experiment.
Genome-wide binding motif analysis of LBD29
To identify the potential binding sites of LBD29 at a genomewide level, we performed ChIP-seq with transgenic Super::LBD29-6G-MYC plants. A total of 37.8 and 34.5 million reads were obtained from the input and LBD29-MYC libraries, respectively. The trimmed clean reads were subjected to model-based analysis of ChIP-seq (MACS) for identification of the LBD29-binding sites. As shown in Fig. 2A and B, most of the LBD29-binding sites were evenly distributed across five chromosomes, which were assigned to >4,000 genes at the genome level (Supplementary Dataset S1). We then performed motif discovery surrounding the 599 'high confidence' among the LBD29-binding peak summits using the Homer program (Heinz et al. 2010) and, consequently, the G-box (CACGTG) variants followed by another variant TGGGC [C/T] were identified as the most statistically over-represented motifs in either known or de novo motif discovery, which accounted for 46% and 11% of all LBD29-binding peaks, respectively (Fig. 2C, D) . In addition, two other tandem sequence repeats CTCTCTCTC[C/T] and CTTCTTCTT[C/T] were also enriched in motif discovery (Fig. 2D) . Consistent with this, the CAC GTG motif was also highly enriched in the ARF6-binding regions associated with the auxin-induced genes (Oh et al. 2014) , and the Total protein extracts from 10-day-old Super::LBD29-6G-MYC T 2 seedlings were subjected to immunoblotting assays using anti-MYC antibody. 1, 10-day-old wild-type seedlings; 2, 10-day-old Super::MYC seedlings; 3-13. Independent T 2 lines of 10-day-old transgenic Super::LBD29-6G-MYC seedlings; the phenotypes of lines 3, 4, 5, 6, 7, 8, 10 , 12 and 13 were described in (B).
TGGGC[C/T] motif was also observed in the promoter region of LAX3 that could be specifically bound by LBD29 (Porco et al. 2016) . Given that CTCTCTCTC[C/T] and CTTCTTCTT[C/T] might be tandem sequence repeats and their regulatory functions need to be further clarified, the G-box and TGGGC[C/T] motifs were thus considered to be the dominant LBD29-binding DNA sequences for this study.
Potential genes targeted by LBD29 during callus formation
To identify the potential genes targeted by, LBD29 we generated transgenic ProXVE:LBD29 plants harboring a b-estradiolinducible promoter-driven LBD29 (Zuo et al. 2000 , Zuo et al. 2002 , and analyzed genome-wide transcriptome profiling by RNA-seq when seedlings were treated with 10 mM b-estradiol for 0, 2, 4 and 8 h. During the time course, a total of 455 genes with significant changes in their transcription were identified after b-estradiol treatment, among which 301 genes were upregulated while 144 genes were down-regulated by LBD29, and approximately 20% of these genes could be found in the list of LBD29-binding targets ( Fig. 3A ; Supplementary Dataset S2). Further, we used quantitative reverse transcription-PCR (qRT-PCR) and confirmed the expression patterns of six differentially expressed genes identified during transcriptomic analysis ( Fig. 3B) , suggesting that the RNA-seq data are of good quality. Next, we examined whether the two identified motifs were present in the promoter regions of 445 LBD29-regulated genes and, as expected, approximately 79% of upregulated genes and 80% of down-regulated genes had either one of two motifs or both within 3,000 bp from the translation start site ( Fig. 3C ; Supplementary Dataset S3, S4). Moreover, we also observed that the ratio of genes with two motifs decreased among up-regulated genes but increased among down-regulated genes after LBD29 activation ( Supplementary Fig. S2 ), suggesting that LBD29 might activate and repress gene expression in a dynamic manner. These findings also establish the high coincidence between LBD29-regulated genes and these two specific cis-elements.
Biological functions of LBD29 target genes revealed by gene ontology
To understand the functional relevance of biological processes regulated by LBD29, Gene Ontology (GO) enrichment analysis was performed to obtain a general overview of these 352 LBD29 target genes using the AgriGO web tool with default setting . The 237 genes up-regulated by LBD29 were assigned to several functional category groups. Intriguingly, we observed that the over-representations of GO terms in biological processes were related to the response to stress and stimulus, hormone, hypoxia, salt stress and innate immune response. Additionally, we found that the genes involved in specific pathways of indole-containing compounds, reactive oxygen species (ROS) and lignin metabolism were highly enriched in LBD29-up-regulated genes. Moreover, methyltransferase, lipase and FAD binding activities were prominent in the molecular functional GO terms. More remarkably, among LBD29-up-regulated genes, the top recurring GO terms in cellular components were cell periphery and cell wall ( Fig. 3C ; Supplementary Dataset S3).
In contrast, the number of enriched GO terms in the LBD29-down-regulated genes containing these two motifs was relatively less ( Fig. 3C; Supplementary Dataset S4) . A clear enrichment of GO terms in biological processes related to response to abiotic stimulus and light stimulus was observed in the sets of genes. It was detected that a subset of LBD29-down-regulated genes associated with other predominantly enriched GO terms mainly involved in regulation of organic cyclic compound and aromatic compound biosynthetic pathways, which could act as a shared biological process during the early stage of callus formation, since the secondary metabolism GO term was also highly enriched in wounding-induced de novo root organogenesis (Chen et al. 2016 ). In addition, approximately 20% of the genes with decreased expression were associated with DNA binding or TF activity ( Fig. 3C ; Supplementary Dataset S4), suggesting that transcription regulation also plays a critical role in LBD-triggered cell reprogramming. Collectively, these data strongly suggest that LBD29-directed cell reprogramming may involve the alteration of multiple biological processes by integrating developmental cues, such as rearrangement of the cell wall matrix and methylation, and environmental signals including light and biotic/abiotic responses.
The molecular events behind LBD29-triggered cell reprogramming
To explore molecular events of cell reprogramming triggered by LBD, we took a close look at the possible function of the genes Fig. 3 Functional classification of the LBD29 target genes revealed by ChIP-seq and RNA-seq data. (A) Venn diagram depicting the overlap of LBD29-regulated genes at three time points by RNA-seq. Selection of genes with significantly increased and decreased expression was based on 1 < Log 2 FC or Log 2 FC < -1 (FDR < 0.05), and the fold change was calculated by comparing 2, 4 and 8 h time points with the 0 h time point. (B) Real-time qRT-PCR validation of genes regulated by LBD29. Relative expression of each gene at 2, 4 and 8 h time points was normalized to the 0 h time point; the latter is set to 1, and data are shown as mean ± SE (n = 3). (C) Functional categories of LBD29 target genes involved in various cellular processes and response/regulatory pathways. The Venn diagram shows the proportion of LBD29-regulated genes that contained either one or both LBD29-binding motifs within -3 kb promoter regions. The histogram represents the significantly enriched GO terms derived from LBD29 target genes, and the percentage of each GO category was calculated by comparing the number of genes in each GO term with the total number of LBD29-up-regulated or -down-regulated target genes.
targeted by LBD29. Consistent with dramatic changes in transcripts of thousands of genes during cell identity alteration (Atta et al. 2009 , Sugimoto et al. 2010 , we observed that a large number of TF genes, including those encoding AP2/ERF, NAM/ATAF1/CUC2 (NAC), WRKY, MYB, MYC, Zinc-finger, PIF3 and BASIC/HELIX-LOOP-HELIX (bHLH), were activated or repressed by LBD29, among which ERF/AP2, NAC and WRKY belong to the plant-specific TF families (Supplementary Fig. S3 ; Supplementary Dataset S5). Moreover, the LBD29-activated genes encoding methyltransferases included four INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE genes (IGMT1-4) , three S-adenosyl-L-methionine-dependent methyltransferase genes, one DNA methyltransferase gene, one SABATH methyltransferase gene (PXMT1), one EXINE FORMATION DEFECTIVE (EFD) gene and two genes associated with transcription-associated mark trimethylation of H3 lysine 4 (H3K4me3) or Polycomb silencing-associated mark (Fig. 4A) . This finding suggests that epigenetic modification or other methylation-related regulation is probably an important molecular event behind cell reprogramming during LBD-triggered callus formation.
Interestingly, we noticed that a subset of class III peroxidase (PER) genes were targeted by LBD29, among which 11 genes (PER58, PER16, PER55, PER33, PER72, PER15, PER49, PER52, PER28, PER5 and PER4) were up-regulated and four (PER24, PER35, PER59 and PER27) were down-regulated by LBD29 (Fig. 4B) . Some of the PER genes, such as PER4, PER5 and PER33, have been reported to be essential for accumulation of apoplastic ROS in response to fungal and bacterial elicitors (Daudi et al. 2012 , Mammarella et al. 2015 , Arnaud et al. 2017 . To examine further whether there is a correlation between LBD29-regulated genes and biotic/abiotic stress responses, a permutation analysis was performed across thousands of public microarray data sets using Genevestigator. As expected, a considerable number of LBD29-up-regulated genes were also highly induced by the microbe-associated molecular patterns (MAMPs) elicitor flagellin and the damage-associated molecular patterns (DAMPs) elicitor oligogalacturonides (OGs) (Supplementary Fig. S4A ). Moreover, the expression pattern of both LBD29-up-regulated and -down-regulated genes displayed a high level of similarity to that of hypoxia treatment ( Supplementary Fig. S4A, B) , implying that cellular oxygen availability and activation of ROS/stress-responsive genes are probably required for cell reprogramming triggered by LBDs.
It was also notable that the genes associated with cell wall hydrolysis were activated by LBD29 (Fig. 4C) , including those encoding three pectin methylesterase/invertase inhibitor proteins, two pectin lyase-like superfamily proteins, five cellulase proteins with hydrolase activity, two proline-rich extensin-like family proteins, a pectin methylesterase PME2, LAX3 protein and chitinase protein (CHI). Moreover, we observed that 11 genes (KCS7, KCS8, ST2A, PLA2-A, CDEF1, AT5G55050, AT5G10410, DLAH, OPR1, LTPG5 and PLA2A) involved in lipid metabolism were up-regulated and six genes (CER4, AT5G46900, FAD4, GA3OX2, AT1G27480 and AOR) were down-regulated by LBD29 (Fig. 4D) , suggesting that lipid metabolites or signaling might be involved in LBD29-induced cell reprogramming. Consistent with this, we recently found that mutation of the gene encoding 3-ketoacyl-CoA synthase 1 (KCS1), which catalyzes a rate-limiting step of very long chain fatty acid biosynthesis, restricts the pericycle competence for callus formation (Shang et al. 2016) .
Among the photosynthesis-and light response-related genes that were highly enriched in LBD29-down-regulated genes (Fig. 4E) , the LATE ELONGATED HYPOCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) function redundantly in a regulatory feedback loop that is closely associated with the circadian oscillator, and a flavin-binding kelch repeat F box protein (FKF1) and pseudo-response regulator PRR9 are also involved in clock function, while HY5-HOMOLOG (HYH) is involved in phytochrome B signaling (Desai and Hu 2008) , and the ROOT PHOTOTROPISM 2 (RPT2) and EARLY LIGHT-INDUCIBLE PROTEIN 2 (ELIP2) are signal components of the phototropic response and early light-induced protein, respectively (Inada et al. 2004 , Tzvetkova-Chevolleau et al. 2007 ). Consistently, comparison of LBD29-repressed genes with a public database revealed that most of them were significantly up-regulated by high light (Supplementary Fig. S4B ), suggesting that inhibition of light-mediated development and/or photosynthesis may be required for LBD-induced cell reprogramming.
We also compared expression profiles of LBD29-triggered cell reprogramming with CIM-induced callus formation, IAA response and wound-induced cell dedifferentiation and de novo root organogenesis ( Supplementary Fig. S4C ). Our analyses showed that a portion of LBD29-targeted genes exhibited similar expression patterns to those of CIM and IAA treatment. Interestingly, we also noticed that the expression profile of LBD29-triggered cell reprogramming appeared to resemble that of the CIM-treated shoots more closely than that of CIM-treated roots, implying that more abundant genes in aerial organs are targeted by LBD29 than those in roots once callus formation is triggered. In contrast, LBD29 target genes exhibited largely distinct gene expression changes when compared with those in wound-induced cell dedifferentiation or de novo root organogenesis ( Supplementary Fig. S4C ), supporting that auxin-directed cell reprogramming and wound-induced cell dedifferentiation or de novo root organogenesis may only share some of molecular events but follow different pathways.
Validation of the representative LBD29 target genes
To verify the binding of LBD29 to the two motifs and the possible involvement of LBD29 target genes in cell reprogramming, we first selected 12 genes that were involved in several biological processes, i.e. methylation (IGMT2, IGMT3, MES17 and PMXT1), cell wall hydrolysis (PME2, EFD, AT1G26240 and LAX3), photosynthesis (ATSIG5), lipid metabolism (FAD4), ROS metabolism (PER4) and transcriptional regulation (PIL1). Using yeast one-hybrid assay, we found that LBD29 could bind to the promoter fragments of the genes containing TGG GC[C/T] and/or CACGTG motifs (Fig. 5A) . Further ChIP-qPCR performed with transgenic Super::LBD29-6G-GFP seedlings by anti-GFP antibody validated that only the fragments containing the elements TGGGC[C/T] and/or CACGTG were highly enriched (Fig. 5B) , confirming that these two motifs were indeed LBD29-binding sequences in vitro and in planta.
Next, we generated transgenic plants overexpressing each of the seven genes that were highly activated by LBD29, to test whether they have an effect on callus formation. Intriguingly, we observed that the recovered T 1 transgenic seedlings overexpressing one of the five genes, i.e. IGMT2, IGMT3, PME2, PIL1 or EFD, which are involved in methyltransferase activity, cell wall hydrolysis or transcriptional regulation, developed varied degrees of callus-like structures in the roots when grown on medium without exogenous phytohormone, and the extent of strong and medium callus-forming phenotypes ranged from 7.2% to 14.8% (Fig. 5C ). This observation strongly supports that these genes are, at least in part, involved in LBD-directed callus formation.
Discussion
Cell reprogramming in both plants and animals is considered to involve multiple molecular events, as characterized by remarkable changes in the pattern of gene expression (Pulianmackal et al. 2014) . Auxin-induced callus formation has long been considered as a cell reprogramming process required for plant in vitro regeneration. Although the transcriptomic and proteomic profiling analyses of Arabidopsis root or aerial explants on CIM have revealed that the profound changes occur at both the transcriptome and proteome levels , Chitteti and Peng 2007 , Chitteti et al. 2008 , it is obvious that these changes also include the multiple layers of cell responses to exogenous auxin and cytokinin. We recently showed that four Arabidopsis LBD TFs are key regulators governing auxin-induced callus formation, and ectopic expression of an individual LBD is sufficient to trigger cell reprogramming without any exogenous phytohormone . Here, through integrative analysis of ChIP-seq and RNA-seq data, we identified >350 potential targets of LBD29 and thus outlined the early molecular events of LBD29-triggered callus formation, which excludes a secondary physiological effect of exogenous hormones and largely represents the overall molecular basis of cell reprogramming during callus formation. We observed that a large number of genes involved in methylation, transcriptional regulation, ROS and lipid metabolism, and cell wall hydrolysis were activated by LBD29, while LBD29 also repressed the expression of genes involved in light response and/ or photosynthesis and transcriptional regulation (Fig. 6) . Although further studies are still required to validate the specific roles of these target genes in regulation of cell reprogramming, our results provide insightful information and a valuable gene resource for understanding the molecular control of cell reprogramming of in vitro regeneration in plants. DNA and histone methylation states are considered to be critical for regulation of gene expression and maintenance of cell fates in both animals and plants Reinberg 2001, Richards and Elgin 2002) . In particular, the acquisition of pluripotency in plant protoplast cells is accompanied by global changes in modification of DNA and histone methylation (Berdasco et al. 2008) , and some chromatin modifiers may interact directly with TFs to change the expression of specific target genes during lateral root and callus formation (Fukaki et al. 2006 , Zhou et al. 2013 . Consistent with this, some of the genes involved in methylation, including those involved in DNA and possible protein or metabolite methylation, were directly targeted by LBD29 (Fig. 4A) , and overexpression of a few of them indeed impacted callus formation (Fig. 5C) . These observations strongly imply that the establishment and/or maintenance of the undifferentiated state in plant cells necessitate both up-regulation and down-regulation of genes caused by the changes in methylation. On the other hand, recent studies also showed that orderly deposition of cell wall composition, such as cellulose, hemicellulose and pectin, is critical for establishing and/or maintaining the cellular differentiation status (Ikeuchi et al. 2013 ). For example, in poplar, the transcript abundance of several glycoside hydrolases, pectate lyases, pectin esterases and expansins is changed before resumption of cell division to form an adventitious root meristem (Rigal et al. 2012) . Similarly, a loss-of-function mutant of Arabidopsis TUMOROUS SHOOT DEVELOPMENT1 (TSD1) involved in the biosynthesis of cellulose develops a disorganized mass of cells that grow indefinitely on hormone-free medium (Frank et al. 2002) . Here, we identified some genes coding for proteins involved in cell wall remodeling that were directly regulated by LBD29 during the initial stage of cell reprogramming (Fig. 4C) . Thus, it is likely that cell wall remodeling is required for cell reprogramming for the formation of a mass of callus cells.
The most intriguing finding of our experiments is that transcription of the genes encoding class III PERs was highly regulated by LBD29, and the LBD29-triggered cell reprogramming seemed to be related to the flg22-and OG-responsive genes ( Fig. 4B; Supplementary Fig. S4A ). Although extracellular ROS burst, callose deposition and activation of defense-related genes are considered as the hallmark of defense responses (Zipfel 2009 , Mignolet-Spruyt et al. 2016 , some lines of evidence showed that the elevated expression of genes involved in apoplastic ROS production is not necessarily equivalent to activation of plant immunity but appears to be related to maintenance of stem cell fate. For instance, the key regulator of stem cell homeostasis CLAVATA3 peptides (CLV3ps) could activate the expression of several flagellin-responsive marker genes, but failed to trigger the flagellin-dependent immune response (Lee et al. 2011 , Segonzac et al. 2012 . Moreover, the LBD29-regulated biological responses largely resemble those of hypoxia treatment ( Supplementary Fig. S4A, B) , which has been long considered as a crucial factor in determining cell fate in mammals (Mohyeldin et al. 2010 , Bigarella et al. 2014 ). The prevailing model applied to mammalian stem cells is that hypoxia condition can improve the efficiency of induced pluripotent stem cell (iPSC) generation (Yoshida et al. 2009 , Bigarella et al. 2014 . To some extent, callus formation in plants is analogous to the induction of animal iPSCs. On the other hand, ROS signaling or redox homeostasis might function as pertinent factors to regulate the epigenetic landscape, which is critical for regulation of gene expression and maintenance of cell fates in both animals and plants. Furthermore, two recent studies have demonstrated that ROS homeostasis is critical for maintaining stem cell niches in Arabidopsis shoot apical meristem and is involved in the regulation of plant regeneration (Zeng et al. 2017 , Zhang et al. 2017 . Thus, it is likely that a complex relationship among gradient ROS signals and various epigenetic factors is required to create or confine the microenvironment of different types of cells to facilitate cell fate transition during LBD-triggered callus formation.
Finally, as the wound-induced cell dedifferentiation represents another pathway of cell reprogramming in plants, we also compared the LBD29-regulated gene expression profile with that of wound-induced callus formation and de novo root organogenesis ( Supplementary Fig. S4C ). As expected, expression of genes regulated by LBD29 rarely overlapped with that of wounding, strengthening the argument that auxin-and wounding-directed callus formation follows different cell reprogramming pathways. However, a recent study showed that the Arabidopsis homeobox genes WUSCHEL RELATED HOMEOBOX11 (WOX11) and WOX12 directly respond to a wounding-induced auxin maximum and activate the expression of LBD16 and LBD29 in de novo root organogenesis (Liu et al. 2014) . It is also an open question whether wound-induced cell reprogramming cross-talks with auxin-directed cell reprogramming by sharing some specific regulators. Further work on this will greatly advances our understanding of the molecular mechanisms underlying cell reprogramming and the remarkable regeneration capability of plants.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used in this study. Arabidopsis seeds were sterilized and germinated on half-strength of Murashige and Skoog medium (1/2 MS medium; 1% sucrose, 0.55% Phytogel and pH 5.7) at 22 ± 2 C under long-day conditions (16 h light and 8 h dark) with an illumination intensity of 80-90 mmol m -2 s -1
. To observe the autonomous callus-forming phenotype, the transgenic seedlings harboring an empty vector Super::MYC, Super::LBD29-6G-MYC, empty vector pVIP96, Pro35S::IGMT3, Pro35S::IGMT2, Pro35S:: PME2, Pro35S:: PIL1 or the Pro35S::EFD construct were grown on B5 solid medium without exogenous phytohormone. For RNA-seq analysis, 7-day-old transgenic ProXVE:LBD29 seedlings were incubated in liquid B5 medium with 10 mM 17-b-estradiol for 0, 2, 4 and 8 h.
Plasmid construction and Arabidopsis transformation
To generate the Super::LBD29-6G-MYC/GFP construct, LBD29 cDNA without a stop codon fused with a six glycine linker sequence was cloned into the empty vector Super::MYC or Super::GFP (Chinnusamy et al. 2003) . The coding region of LBD29 was cloned into the pER10 vector to generate the ProXVE:LBD29 construct (Zuo et al. 2002) . For generation of the Pro35S::IGMT3, Pro35S::IGMT2, Pro35S::PME2, Pro35S::PIL1 or Pro35S::EFD construct, the cDNAs of IGMT3, IGMT2, PME2, PIL1 or EFD were each cloned into the pVIP96 binary vectors (Hu et al. 2003) . All primers used for the generation of the constructs are listed in Supplementary Table S2 . All plasmids were introduced into Agrobacterium tumefaciens strain ABI or EHA105 and transformed into Arabidopsis Col-0 using the floral dip method to generate transgenic plants (Clough and Bent 1998) .
ChIP-seq
Ten-day-old Super::MYC and Super::LBD29-6G-MYC transgenic seedlings were used for ChIP assays according to the method described previously (Saleh et al. 2008) , with some modifications. Briefly, 5 g of seedlings were cross-linked with 1% formaldehyde under vacuum for 8 min, and then the samples were ground to powder in liquid nitrogen. The chromatin complexes were isolated and sonicated and then incubated with monoclonal anti-MYC antibodies (Abcam). The precipitated DNA was recovered and dissolved in water and stored at -80 C for construction of Illumina sequencing libraries.
The parallel libraries from LBD29-Myc and Input-Myc ChIP samples were assayed by paired-end sequencing on the Illumine NextSeq 500 platform. ChIPseq analysis was performed with the following packages. Briefly, the quality of the raw reads was first inspected with FastQC (Andrews 2016) , then the adaptors and the low-quality reads were trimmed, and the resulting reads were aligned to the A. thaliana Col-0 reference genome (TAIR 10) using Bowtie 2 with up to two mismatches. The mapped reads were applied to MACS1.4.2 with default settings to identify regions potentially bound by LBD29 (Zhang et al. 2008) . The ChIP peak coverage over chromosomes was visualized with the ChIPseeker package in Bioconductor (Gentleman et al. 2004 , Yu et al. 2015 . The analysis of both known and de novo motifs was performed with Homer software (Heinz et al. 2010 ).
RNA-seq analysis
For RNA-seq analysis, 7-day-old ProXVE:LBD29 transgenic seedlings were treated with 10 mM 17-b-estradiol for 0, 2, 4 and 8 h, and then total RNA was isolated using the RNeasy plant mini kit (Qiagen). RNA quality was assessed with an Agilent 2100 Bioanalyzer and used for RNA-seq analysis with three independent biological replicates. Next-generation sequencing of the LBD29 control and LBD29-induced transcriptome was carried out with the Illumina HiSeq TM 2000 system.
RNA-seq analysis was performed with the following packages. Briefly, the quality of raw reads was first examined with FastQC (Andrews 2016) , then the adaptors and the low-quality reads were trimmed. The clean reads were aligned to the A. thaliana Col-0 reference genome (TAIR 10) using SOAPaligner/SOAP2 (2.21) with up to 2 bp mismatches (Li et al. 2009 ). Subsequently, the genes with significantly differential expression [false discovery rate (FDR) < 0.05, Log 2 FC > 1 and Log 2 FC < -1] were normalized and extracted with DESeq, voom and limma packages as previously described (Xu et al. 2015) . The Biostrings package was applied to search for promoters (up to -3 kb) of LBD29-regulated genes containing candidate motifs (Pages et al. 2017) , and the LBD29-regulated genes with candidate motifs were applied to GO term enrichment analysis by using AgriGO with default settings ).
Analysis of microarray and RNA-seq data from the public database
The permutation analysis of LBD29-regulated genes containing two dominant motifs across thousands of experiments or treatments was performed with permutation tools in Genevestigator using default setting (https://genevestigator. com/gv/). Raw data from the affymetrix platform were obtained from the following databases: ArrayExpress: E-MEXP-3754 (wounding 15 min and 45 min study2) and E-NASC-76 (flg22 and OGs) (http://www.ebi.ac.uk/arrayexpress/); Gene Expression Omnibus: GSE29543 (CIM), GSE46107 (high light), GSE14420 (hypoxia), GSE42007 (IAA) and GSE74585 (wounding 2 d) (https://www.ncbi. nlm.nih.gov/geo/); and NASCarray: NASCARRAY137 and NASCARRAY145 (wounding 15 and 30 min, 1, 3, 6, 12, 24 h) (http://arabidopsis.info/affy/link_ to_iplant.html). The raw Affymetrix data were processed with robust multiarray average normalization using the Affy package in Bioconductor (Gautier et al. 2004) . Differential expression for each experiment was computed by log 2 -fold change in a linear model between control and treatment (Ritchie et al. 2015) .
Real-time qRT-PCR
Total RNA was isolated from Arabidopsis seedlings using the RNeasy plant mini kit (Qiagen). A 2 mg aliquot of total RNA was treated with DNase I and then used for cDNA synthesis with the Super-Script III first-strand cDNA synthesis system (Invitrogen) according to the manufacturer's instructions. The quantitative real-time PCR was performed using the respective pair of primers and Power SYBR Green PCR Master Mix (Applied Biosystems) with a Roche lightcycler 96 real-time PCR detection system. PCRs were performed in triplicate for each sample, and the expression level was normalized to that of the ACTIN2 gene with qBASE plus software (https://www.qbaseplus.com). The primers used for qRT-PCR are listed in Supplementary Table S2 .
Yeast one-hybrid assay
To generate the LacZ constructs of 12 genes (IGMT2, IGMT3, EFD, PME2, PIL1, MSE17, ATSIG5, PER4, FAD4, AT1G26240, PMXT1 and LAX3), promoter fragments of these 12 genes were amplified by PCR using the corresponding pairs of primers (Supplementary Table S2 ) and the genomic DNA of Col-0 ecotype as template, and then cloned into pLacZ vector. To generate the AD construct, the LBD29 CDS (coding sequence) was cloned into the pB42AD vector . Yeast one-hybrid assays were performed as follows: briefly, plasmids for AD fusions were each co-transformed with these LacZ reporter constructs into yeast EGY48 . Transformants were grown on SD/-Trp-Ura dropout plates containing X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) for blue color development.
ChIP-qPCR
The prepared DNA in ChIP was applied for qPCR by the respective primer pairs (Supplementary Table S2 ) using a Power SYBR PCR Master Mix (Bio-Rad) with a Roche light-cycler 96 real-time PCR detection system. PCRs were performed in triplicate for each sample, and the expression levels were normalized to the input sample for enrichment detection. The fold enrichment was calculated against Tubulin 2 (TUB2).
Supplementary data
Supplementary data are available at PCP online. 
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